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MULTILAYERED OPTICAL FILM 



BACKfiROTTNn OF THP TNfV^ ^, 
The present invention relates to muitiiayered polymeric filnu in which 
5 alternating layers include a crystalline naphthalene dicarboxyiic acid polyester and 
another selected polymer. 

Such films can be used to make optical interference filters that reflect 
light via constructive interferences between a multiplicity of layers with low and 
high indices of refraction. The pioneering work on (he reflection of light from 
10 muhilayered polymeric films is described in AJfrey et rf. Polymer P^ nr ^ 
SSSBSS. Vol. 9, No. 6. Pages 400-404, November 1969, Radford et al., Polymer 
Enangcrhif flnff gasngg, Vol. 13, No. 3, Pages 216-221, May 1973, and U.S. 
Patent 3,610,729 (Rogers). 

* 

U.S. Patent 4,3 10,584 (Cooper et al.) describes the use of polyesters in 
15 a muitiiayered iridescent light-reflecting film. The film includes alternating layers of 
a high refractive index polymer and a polymer with a lower refractive index. The 
high refractive index polymer is a cast non-oriented film that includes a 
thermoplastic polyester or copolyester such as polyethylene terephthalate (PET), 
polybutyiene terephthalate and various thermoplastic copolymers which are 
20 synthesized using more than one glycol and/or more than one dibasic acid. For 
example, PETG copolyester is a glycoi-modified PET made from ethylene glycol 
and cydohexanedimethanol and terephthaiic add or PCTA copolyester which is an 
•dd-modified copolyester of cydohexanedimethanol with terephthaiic and 
isophthalie add. More recently. U.S. Patent 5,122,905 (Wheatley) describes a 
25 multilayer reflective film with first and second diverse polymeric materials in 
alternating layers that exhibits at least 30% reflection of incident light The 
individual layers have an optical thickness of at least 0.45 micrometers, and adjacent 
layers have a refractive index difference of at least 0.03. U.S. Patent 5, 122,906 
(Wheatley et al.) describes similar reflecting bodies, where a substantial majority of 
30 individual layer, have an optical thickness of not more than 0.09 micrometers or not 
less than 0.45 micrometers, and adjacent layers have a refractive index difference of 
at least 0.03. U.S. Patent 5, 126,880 (Wheatley et al.) also describes multilayer 
reflecting bodies with a portion of the layers having thicknesses between 0.09 and 
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0.45 m.crometers, and the remain^ layers having optical thicknesses of not greater 
than 0.09 urn or not less than 0.45 m . The refractive index difference is at least 
0.03. All three Wheatley patents teach that it is difficult to make a multilayer 1/4 
wavelength stack of polymeric material operating with constructive interference 
5 w,thout noticeable iridescence. The Wheatley '880 Patent describes that thicker 
layers provide a uniform background reflectance, so'that 1/4 wavelength peak 
reflectivity is less noticeable to the naked eye. 

u.s. ^vtv»(^ aMlmimtmiavmflhmmkam 

could be uniaxial, oriented to reflect light of one pi™ of polarization whi)e 
10 subs^allyn^tingtheother. The pater, describe. . ^ ^ ^ rf 
"hemaung polymeric layers, on. layer being birernngen, „d ^ ^ isotropic 

Buefnngene, in the on. layer n«y be devdoped by unidirectional orison of the 
polymer motaule, .f a. TO , ltl . Uyemf d „ e , o macS6ng o[0k ^ 
drecaon. The mulutay^ed |, „ ^ ^ ^ ^ 

with the eonstreint thu until one refractive index of the birelKngent layers equals 
■tereS^Wexofadj^to^pie llyers . Poly^ poiy^^ 
■erepnthatae, poh^fone. polyearbomue. •ndpolyp^| yl e« Ire ,nentioned as 
use*, u^eri* U.S. P„ OT 4.52J.4J3 (Rogers, desenhes the use of birefnngen, 
polymers in altemain, layer, tta, exhibit a geometric tod., of 0.5 or higher 
Although extremely high indices of refraction are achievable with some of the 
n^sSsadintheRog** WfKm , 0^ n ^ pmm ^ empnMm 

and high cost 

Current eoinmercially-available polarizers are based on either oriented 
dyed polymer 61m, (abort*,, pc^ „ ^ m m 

polarizers). In Orbing potan.ers.iigh, of one plane of poison is absorbed 
and conned into he«. Tilted dun film po llriKrs ^ „ 
Reflecuv. polarizer, ar. often preferred for tworeBons. Ftm, reflection 
mnumize. themud n^gemen. problem, Ocularly when the pohrizer i, used in 
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Md Ctysta, imy (lCD) projK(io „ !yslemj SKon4 p|iM of ^^ 

*. '«»«ted light can be re-onented ,o increase the overlll opIia , , h 
one polarization. 

** * am optic pollers are , 00 oulky 

«nd absorbmg polaniers « preKmlv „,« 0 „ |y ^ ^ ^ 

* ^ preblemi ^ ^ 

bl«h,ng of the dy , ta „^ „ „, „ ^ ^ 

Myvmyl^ohola-VA)^ poller ^„ lerMluoiIhyofpVA u$ 
1.756.95J t»— 0 describe, A. use of a dichrcie oye jBC0Ipmted 

Po^yiene^ph^effE^tate^rt^oH^ 
•dv^eof .nigherrne,, leraperaturea]rf deOTutd ^ 

to conventional PVA based polaroers. 

^^^PoW^nc^becoll^toan,,^^^ 

sub^e, (M. F. Weber. 'Retrorefleeting Sheet PoUHaer-. sm «„, 
proceed** Bono*. Massachusetts, Ntay I9M, p. < 27; M. F Weber 

I W. P-669.) Such polanaers „ cto^ ^ WsJ , Ma ^ ^ ^ 

vacuum deposition techniques are used. 

EPO Patent AppBcaion 4.1.544 .!«, describe, a potarizer of 
-^gdiveraepo^e^ Thep^^^ 
onented Uyer, of a, leas, first ^ ^ ^ 

«"-• «. opu* coefficient, which « ^ „ , 

^ind^^^betw^thepo^^ PEN i$ mentioned as a 
P— "fa -negauve stress op,* wWch 



• 
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SUMMARY OF TKF pwp kitj ^ 
A multilayered polymer film comprising a body of a plurality of 
aJternaung layers of a crystalline naphthalene dicarboxylic acid polyester and 
another selected polymer wherein the layers have a thickness of less than 0 5 

meters and wherein the crystalline naphthalene dicarooxylic acid polyester 
layer has a higher index of ^ ^ ^ ^ ^ 

adjoining layers of the selected polymer. 

BRIEF np^rprpTj^, ~ f jrrp np 
The invention will be further explained with reference t0 the drawings 

Figures la and lb are diagrammatical views of the polarizer of the 

present invention. 

Figure 2 is a graphical view illustrating the refractive indices 
clmacteristics of*. PEN and eoPEN layer, of the praen. my*** 
R ^ 3 ««^«e-viewofcon^„s imilueddm( , f 
Of. 50.^ PEN/coPEN film sack ^ m ^ ^ ^ jn 

rigure 2. 

H ^ re4h '^W^vi« W ofeom |WW ^ ul .,edd«, ofpercent 
mmmm ° "-"^»y^ -retched 300-l^er PEN/eoPET mirror 

laver.l. r^^*^^° f ^'^'~.».f.5.. 
layers p^^^p^^^^^^^^ i 

5 Mayer polanzers of the present invention laminated together. 

Rgiire7isagraphiealviewofDerceiitme«n™it-. • • 

" i^PoWfthep^,^ P ^™«~of. 2 04- 

a*., r^'"*^ Pta ^^ of ^ ,ra ^«»™i»ionof nTO 
204-l.yer pol^ of rte jma6m [ogKher 

Rgur.9i..»chem«icvie„,f„ ,veri«d projeao, of „« presem 

invention. 
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figure 10 shows a two layer stack of films fommg , ^ 

figures .1 .„d 12showreflectivity versus angle curves for a uniaxial 
oirefnngent system in a medium of index 1.60. 

" shows reflectivity versus angJe curves for a uniaxial 
3 b,refr >ngw« system in a medium of index 1.0. 

md z-indo for , uniaxial Wrefifagem ^ 

» ^ 1 «^r°^ i ^ rp,M! ™ ,,8,i ' ewonMiio "*«" 

the mirror Examples; and 

figures 22-30 show optical performance of multilayer polarizers riven 
«n the polarizer Examples. Panzers given 

0 

be merely illustrative and non-limiting. 
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PETAILEP PFSCRrPTTQN of rr mrfp w t ^nn,^ 
The present invention as illustrated in Figures la and lb includes a 
multilayered polymeric sheet 10 having alternating layers of a crystalline 
naphthalene dicarboxyiic acid polyester such as 2.6 polyethylene naphthalate (PEN) 
5 12 and a selected polymer 14 useful as a reflective polarizer or mirror By 
stretching PEN/selected polymer over a range of uniaxial to biaxial orientation, a 
film ,s created with a range of reflectivities for differently oriented plane-polarized 
.nadent light If stretched biaxially, the sheet can be stretched asymetrically along 
orthogonal axes or symmetrically along orthogonal axes to obtain desired polarizing 
10 and reflecting properties. 

For the polarizer, the sheet is preferably oriented by stretching in a 
smgle direction and the index of refraction of the PEN layer exhibits a large 
Afference between incident light rays with the plane of polarization parallel to the 
onented and transverse directions. The index of refraction associated with an in. 
15 plane axis (an axis parallel to the surface of the film) is the effective index of 

refractton for piane-polarized incident light whose plane of polarization is parallel to 
that ax,, By oriented direction is meant the direction in which the film is stretched 
By transverse direction i, meant that direction orthogonal in the plane of the film to 
the direction in which the film is oriented. 

; 0 PEN is a preferred material because of its high positive stress optical 

coeffiaent and permanent birefringence after stretching, with the refractive index 
for polarized incident light of 550 nm wavelength increasing when the plane of 
polarization is parallel to the stretch direction from about 1.64 to as high as about 
1.9. The differences in refractive indices associated with different in-plane axe, 
> exhibited by PEN and a TO-naph^O- terephthalate copolymer (coPEN) for a 
5. 1 stretch ratio are illustrated in Figure 2. In Fig^ 2. the data on the lower curve 
represent the index of refraction of PEN in the transverse direction and the coPEN 
whde the upper curve represents the index of refraction of PEN in the stretch 
dtrectioa PEN exhibits a difference in refractive index of 0.25 to 0.40 in the visible 
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spectrum. The birefringence (difference in refractive index) can be increased by 
increasing the molecular orientation. PEN is heat stable from about 155«C up to 
about 230'C depending upon shrinkage requirements of the application. Although 
PEN has been specifically discussed above as the preferred polymer for the 
5 fcrefrmgent layer, polybutylene naphthalate is also a suitable materia] as well as 
other crystalline naphthalene dicarboxylic polyesters. The crystalline naphthalene 
d.carboxylic polyester should exhibit a difference in refractive indices associated 
wuh dtfferent in-plane axes of at least 0.05 and preferably above 0.20. 

Minor amounts of comonomers may be substituted into the naphthalene 
1 0 d,carboxy«ic acid polyester so long as the high refractive index in the stretch 
• ArecoonCs) is not subsumialiy compromised. A drop in refractive index (and 
therefore decreased reflectivity) may be counter balanced by advantages in any of 
the following: adhesion to the selected polymer layer, lowered temperature of 
extrusion, better match of melt viscosities, better match of glass transition 
temperatures for stretching. Suitable monomers include those based on isophthalic 
«ela,c, adipic, sebacic, dibenroic, terephthalic, 2.7- naphthalene dicarboxylic 2 6- ' 
naphthalene dicarboxylic or cydohexanedicarboxylic acids. 

The PEN/selected polymer resins of the present invention preferably 
have similar melt viscosities so as to obtain uniform multilayer coextrusion The 
two Polymers preferably have a melt viscosity within a factor of 5 at typical shear 
rates. 

The PEN and the preferred selected polymer layers of the present 
mvention exhibit good adhesion properties to each other while still remaining as 
discrete layers within the multilayered sheet. 

The glass transition temperatures of the polymers of the present 
invention are compatible so advene effects such as cracking of one set of polymer 
layers during stretching does not occur. By compatible is meant that the glass 
transition temperature of the selected polymer is lower than the glass transition 
temperature of the PEN layer. The glass transition temperature of the selected 
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polymer layer temperature may be slightly higher than the giass transition 
temperature of the PEN layer, but by no more than 40°C. 

Preferably, the layers have a 1/4 wavelength thickness with different 
sets of layers designed to reflect different wavelength ranges. Each layer does no, 
5 havet a ,eexa«ly 1 /4wavelengththick. The ovemding requirement is that the 
adjacent low-high index film pair have a total optical" thickness of 0.5 wavelength 
The bandwidth of a 50-layer stack of PEN/coPEN layers having the index 
differential indicated in Figure 2. with layer thicknesses chosen to be a 1/4 
wavelength of550nn, is about 50 nm. This 50-layer stack provides roughly a 99 
percent average reflectivity in this wavelength range with no measurable absorption 
A computer-modeled curve showing less than 1 percent transmission (99 percent 
reflectrvity) is illustrated in Figure 3. Figures 3-8 include data characterized as 
percent transmission. It should be understood that since there is no measurable 
absorbance by the film of the present invention that percent reflectrvity is 
1 5 approximated by the following relationship: 

100 - (percent transmission) - (percent reflectrvity). 
The preferred selected polymer layer 14 remains isotropic in refractive 
mdex and substantially matches the refractive index of the PEN layer associated 
wrth the transverse axis as illustrated in Figure la. Ught with its plane of 
polartzation in this direction will be predominantly tratumhted by the polarizer 
whtle light with its plane of pohtrization in the oriented direction wifl be reflected as 
illustrated in Figure lb. 

In addition, the nrfective potato of ^ DreKM ^ ^ 

^^M^^^. Be need for, to W^^,^ 
«d«^ by Babae,.,. (Optic, I^er, Vol 17 . No . KHmmmt 
■992). Mi ct a. describe , „u m ralae „ go|<( istods .• 

phenomenon and as such are not reflective polarizers. 
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The reflect poller of the present mventio „ is 
elements such as ophthahnic , entts . milIora „ d ^ ^ J*"" 

For the polarizer, the PEN/seJected polymer layers have at fc« 
™. «* of reftacttve imficK ^ ^ ^ 

po.™ Theselectedpo^,^,,^,, > 

refaction rf rf • ■ , m °«~«»-«oc»t« f indices of 

rerh,coonof.ojo,„„ gbycrsafternrae|iii] ^ 

>e»tian002 Ananw_ i-r ■ . """""J than 0.05 and preferably 

PWfttve birelngence due to stretching, but this can be relaxed to match the 
^^ofthetr^^^ * 

« ^r.of,hishea,«« mentshouldnoll>ejo ^..^IT* 

"the PEN layers. Iu 8'' as to relax the birefngence 

^prefer^^p^^^^ 

****** or terephu* acid or ft* „„ wcll . 
^'^», P „g <r o raJ o noleperaKto80rao ^ 

«<*«. glycol. O^-t.^Mfthd.^.yft,,-,... „ 

— ,,,,0,... Ofcours.^coZtlh, 



wli ya/i /juj 
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coextrudable wr* PEN. Other suitable copolymers are based „„ isophtha|ic 
a«ta=. adtpic. sebadc. dibenzoic, terephthalic. 2.7- naphthalene dicarboxylic'2 6- 
naphthalene dicarboxylic or cydohexanedicarboxylic adds. Other suitable 
vananons in ,he copper indude the use of ethylene glycol, propane diol butane 
d,ol, neopenty. glycol, polyethylene g ly col. teTam«hyle„e glycol, diethylen, glycol 
cyclohexanedimettanol, 4-hydroxy diphenol. propane diol. bisphenol A, and I 8- ' 
dihydroxy biphenyl, or l,3-bis(2.hydroxy.*oxy)ben«„e a, the diol react*,, A 
volume averse of the relhcuv. Mice, of the monomer, would be a good gu iae i„ 
P«p.nng useful copolyeaer, ta .dduotv eopolyarto»«e, having, g,^ 
10 transrton temperature compile with ,h, glass ttapmme of p£N Md 

. «* a reftacuve index located with u,, tr^svers, „js of approximately 1 59 » 
.69 are also useful as a selected polymer in the present invention. Formation of the 
copolymer or copolyc^bonae by .Verification of two or more polymer, „ 
1» «rusion system i, mother possible rou« ,„ , vbu>| e po|yTOr 

15 T °^"^'^'«^V«i^pol«izing»he«,,o„ 
posrtion* with thei, r^eetiv, ortaation axes routtd w. or the sheet 10 is 
bU*lly«re«d»d. to^^^Mr*^^^^ 

^«»po^.» refl eali f J»ofbo*pl M es,fpo h r iao ,a B«i^^. 

W "V- for plane, p„,, d .. b«h ^estnereby^ m of 
^-J***-*,***.*^ Bi M%amchil , gp£NwilIiiiOTMe 
•he rdhcuve indices assodated with those axes „f donjon ft™ «, only 
>.75.«mp«ed teU ,. lmhK » lvdlleofl A Therdoretoereaus.tfeleculcrnirror 
wtit 99 percent reflectivity (and thus with no noticeable iridescence) a low 
r«fi»iv« index coPET i, prefcrred a, the sdeeKd pofrmer. Opd^l modeling 
mltces this is possible with an index of about 1.55. A 300-Uyer film with . 5 
percent sumiard devotion in tayer thJcknea. deemed to cover tatfof the viable 
spec™ with six ovoUpping ou.nerw.ve to*^ predicIe<1 pofbrm>1>:e 
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*«» h Figure 4. A grmr degree o{symmc ^ „ f 

polarizing properties. 

beared, .woo,™,,.*,, o fUle invM , liMm , y beusediiii 

. "Jo*, coning ^ ^ ^ po ^ ^ . ^ 

Wte ^"^ OTt «^c,Uo P h t taBc.«taci c . cdMcor 

20 nuy be uken from „, ta tave ,__„. , ^ *ol component 

J been prevro.^ mentioned. PrefenolyUK 

of rdhcdon 0 nea ,. J5 . - 

« SET «^-- . fc-lLJl*. 

Conden^ -rt— -hrtart^^^^ 
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••j-M poly™, ,o ,h. dcired (,.» I0 ,. 69) I0 ^ 

refractive index ofPEN abated with .he tIM!verse ^ fer , 

Acylat, p«p, and f,^, „ particulariy ^ fc dttrajjjig ^ ^ 

for use in a mirror. 

overhead p rojtt ,. r ,o. The projraor 3 „ „ . aamt ^ im mj ^ 

-» tarn of. convent overhe*, projector, including . 5aie 3J ^ , 
projeoion head 34. The projection he* 34 i, 1M ched ,o «,. te e 32 * .„ „ 
'-^Vwhich mvD e^ OTlo ^^ movjiigtheheid3 
ora« yfo ^32^ 
3 I ,gh, S our C e3 6 .apowe, SU pp^ (not!hoMl)forthe|igli|soira36 ^ 
esprit, optica, component, „ch a, a ^ „ for ^ ^ „ 
pro^o.^^40. The^^^in.co^o,^^* 

"™ « fens *< located within the head 34. 

™-^.u«d u .h„ nilT o r . Thiai.^^^^^ 
^^«^.if~»eic tt c^ et c B ^ lralingoflleilse 

«~c.36„d«h,pr, je cu. nMg ,40. Tnen^M* can be. .ep.^ 
th^,« betppliedttlnoptoJcoiiiporaiij - 

bctweenrtehght^rce^Uw ejection n^e. 
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Amatively, the mirror 46 can be used in the overhead projector 30 „ 
a cold mtrror. that is a mirror that reflects visible light, while transmitting infrared 
energy. The mirror of the present invention may also be positioned as a folding 
mnror (not shown) between the light source 36 and the projection stage 40 
5 Reflectance of a muhi.ayer cold mirror can easily approach 95 percent for visible 
!.ght. The mirror of the present invention can be applied as a cold mirror coating to 
a sphencal concave reflector such as reflector 38 that is placed behind the light 
source 36 to collect and redirect visible light emitted from the light source while 
transmitting infrared energy. 

1 ° Orientation of the extruded film was done by stretching individual 

sheets of the material in heated air. For economical production, stretching may be 
accomphshed on a continuous basis in a standard length oriemer, tenter oven, or 
both. Economies of scale and line speeds of standard polymer film production may 
be acmeved thereby achieving manufacturing costs that are substantially lower than 
15 costs associated with commercially available absorptive polarizers. 

Lamination of two or more sheets together is advantageous, to improve 
reflectrvny or to broaden the bahdwidth. or to form a mirror from two polarizers " 
Amorphous copolymers are useful as laminating materials, with VITEL Brand 
3000 and 3300 from the Goodyear Tire and Rubber Co. of Akron, Ohio, noted as 
materials that have been tried. The choice of laminating material is broad with 

guiding principles. 

It may be desirable to add to one or more of the layers, one or more 
morgans or organic adjuvant, such a, an antioxidant, extrusion aid, heat stabilizer 
ultravolet ray absorber, nucleate, surface projection forming . gent , Ma ^ ^ 
normal quantities so long as the addition does not substantially interfere with the 
performance of the present invention. 

The following examples are for illustrative purposes and are not 
intended to limit the present invention in any way. 



20 
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EXAMPLE 1 

PEN and a 70 naphthalan terephthaJate copolymer (coPEN) were 
synthesized in a standard polyester resin kettle using ethylene glycol as the diol 
The intrinsic viscosity of both the PEN and the coPEN was approximately 0 6 dl/g 
5 Smgleilayer films of PEN and coPEN were extruded and then uniaxially stretched, 
with the sides restrained, at approximately 150«C. As extruded, the PEN exhibited 
in isotropic refractive index of about 1.65, and the coPEN was characterized by an 
isotropic refractive index of about 1 .64. By isotropic is meant that the refractive 
indices associated with all axes in the plane of the film are substantially equal Both 
10 refractive index values were observed at 550 nm. After stretching at a 51 stretch 
rauo, the refractive index of the PEN associated with the oriented axis increased to 
approximately 1.88. The refractive index associated with the transverse axis 
dropped slightly to 1.64. The refractive index ofthecoPEN film after stretching at 
a 5:1 stretch ratio remained isotropic at approximately 1.64. 
1 5 A satisfactory multilayer polarizer was then made of alternating layers 

of PEN and coPEN by coextrusion using a 5 Nslot feed block which fed a standard 
extrusion die. The extrusion was run at approximately 295«C. The PEN was 
extruded at approximately 23 Ib/hr and the coPEN was extruded at approximately 
22.3 Ib/hr. The PEN skin layers were approximately three times as thick as the 

opucal 1/4 wavelength thickness for light of about 1300 nm. The 51-layer sack 
was extruded and cast to a thickness of approximately 0.0029 inches, and then 
uniaxial* stretched with the sides restrained at approxinutely .5:1 stretch ratio « 
approximately 150-C. The stretched film had a thickness of approximately 0.0005 
25 inches. 

The stretched film was then heat set for 30 seconds at approximately 
230-C in an air oven. The optical spectra were essentially the same for film that 
was stretched and for film that was subsequently heat set 
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Figure 5 is a graphical view of percent measured transmission of the 51. 
layer stack in both an oriented direction 50 and in a transverse direction 52 prior to 
neat setting. 

Eight 5 Uayered polarizers, each made as described above were 

layers. Figure 6 is a graph that characterizes the 408 layers showing percent 
transm,ssion from 350 to 1,800 nm in both an oriented direction 54 and in a 
transverse direction 56. 

EXAMPLE 2 

10 Dev A MtiSfaCt0,y ****** P ° ,ariMr W ™ de * extruding PEN and 
coPEN in the 5,-s.ot feedblock as described in E«mp,e 1 and then emptying two 
layer doubling multipliers m series in the ^ ^ ^ ^ 

extruded material exiting the feed block into two half-width flow streams then 
stack the half-width flow streams on top of each other. U.S. Patent 3 565 985 
15 describes similar coextrusion multipliers. The extrusion was performed at ' 

approximately 295'C using PEN at an intrinsic viscoshy of 0.50 dl/g « 22 5 Ib/hr 

thCC ° PENatan viscosity of 0.60 dl/gwasrunat 16.5 rb/hr The 

cast web was approximately 0.0038 inches in thickness and was uniaxially stretched 
« a 5: 1 ratto in a longitudinal direction with the sides restrained at an air 

were deagned to be 1/2 wavelength optical thickness for 550 nm light. In the 
transmission spectra of Figure 7 two reflection peaks in the oriented direction 60 
are ev,dent from the transmission spectra, centered about 550 nm. The double peak 
^ « most likely a result of film errors introduced in the layer multiplier, and the broad 
background , result of cumulative film errors throughout the extrusion and casting 
process. The transmission spectra in the transverse direction is indicated by 58 
Opttcal extinction of the polarizer can be greatly improved by laminating two of 
these films together with an optical adhesive. 
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Two 204-layer polarizers made as described above were then hand- 
landed using an optical adhesive to produce a 408-.ayered film stack. Preferably 
the refractive index of the adhesive should match the index of the isotropic coPEN 
layer. The reflection peaks evident in Figure 7 are smoothed out for a laminated 
5 samp.,, as shown in Figure 8. This occurs because the peak reflectivity occurs at 
Afferent wavelengths for different areas of the film, i„ . ^ pmm m$ ^ 
« often referred to as "iridescence". Lamina tio „ 0 f two films reduces iridescence 
because the random variations in color do not match from one film to another and 
tend to cancel when the films are overiapped. 

Figure 8 illustrates the transmission data in both the oriented direction 
64 and transverse direction 62. Over 80 percent of the light in one plane of 

polanzation is reflected for wavelengths in a range from approximately 450 to 650 

run. 



10 



een,OTd " °" e W,vete "* h ™"« no color v™™ ma ^ , e 
. .igh. to* ^ ^ ^ „ TOdom ^ 

•J**™ presold h« oabfc ^ nSteM6a of ^ ^ „ ^ ^ j 
n.od„ m „ beroftaym . Thi^..^.^^^^^^ 
pro^^^^^..^^^^^ 

0P,,C,I m ° ,W °« ^ *~ »" M perco,, refl^ tcrMJ 

moa of He viable spec™, i, po^ible with only 600 ta»ers for . PENfeoMN 

25 ^^^^«^„c MOT » ed wi t b. amllrt o mi « i on.fl„ 
than or equal to 1 0 percent. 
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Optical By^» r 0 f Multilayer 

The optical behavior of a multilayer stack 10 such as that shown above in 
»S, Uand Ib^lnowbedescribedin.oregeneralternu. The multiiayer stack 
.0 concludes hundreds or thousands of layers, and each layer can be made from 
any of a number of different materials. The characteristics which determine the 
cho.ce of materials for a particular stack depend upon the desired optical 
performance of the stack. 

f m ~ k ~'-*»-*--l*m»~~* m *< maA For 

ea* of nunufacture. prefers optica, thin ^ ^ 0 „ |y , ftw 

multilayer sucks including two materials. 

c.^v^„, W «i,^^ ul ^^^ oftiiimer 

^ ^p, bu , ^ ^ , ^ 

between adjacent layers. K 

, ***ume that all layers in the lilm suck receive the same process 
-^*en«r^^ lMku ,^ ejmeitoofinTO 

» the behavior of the emire suck a. a toed™ of angle 

Fw » m P»*y°f<r^o* therefor ^ 
."«ruc wffl be described. „ slun he undemood, h„™ver. ta „ 
muhil^ suck according ,„ the principles descdhed herein could be n^de of 
hundreds or thousands of bym . To describe the opto, behavior of a single 
nueruce.sucha.the one shown i, Fig. 10, the reflectivity as a function of angle of 
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incidence for s and p polarized light for a piane of incidence including the z-axis and 
one in-plane optic axis will be plotted. 

Fig. 10 shows two material film layers forming a single interface, with both 
■mmersed ,„ an isotropic medium of index n 0 . For simplicity of illustration, the 
5 presentation will be directed toward an orthogonal multilayer birefringent 
system wuh the optical axes of the two materials aligned, and with one optic axis 
(z) perpendicular to the film piane. and the other optic axes along the x and y axis 
It shall be understood, however, that the optic axes need not be orthogonal and ' 
that nonothorgonal systems are well within the spirit and scope of the present 
1 0 invention. It shall be fcrther understood that the optic axes also need not be aligned 
wth the film axes to fall within the intended scope of the present invention 

The basic mathematical building blocks for calculating the optics of any 
stack of films of any thickness, are the well known Fresnel reflection and 
transmtssion coefficients of the individual film interfaces. The Fresnel coefficients 
1 5 predict the magnitude of the reflectivity of. given mafice< „ ^ angJe of 
incjdence, with separate formulas for s and p-poJarized light 

The reflectivity of a dielectric interface varies as a function of angle of 
•nadence, and for isotropic materials, is vvtfy different for p and s polarized light 
The reflecmaty mmimum for p polarized light is due to the so called Brewster 
20 effect and the angle at which the reflectance goes to zero is referred to as 
Brewster's angle. 

The reflectance behavior of any film stack, at any angle of incidence, is 
determined by the dielectric tensor, of all films involved. A general theoretical 
treatment of this topic is given in the text by R.M.A. Azzam and N.M. Bashara. 
25 "Ellipsometry and Polarized Light", published by North-Holland, 1987. The results 
proceed directly from the universally well known Maxwell's equations. 

The reflectivity for a single interface of a system is calculated by squaru* 
the absolute value of the reflection coefficient, for P and s polarized light, given by 
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systems, with the axes of the two components aligned. 



V(nlo -no'sin'S) + VOtfo'-noWe) 
10 where 6 is measured in the isotropic medium. 

In a uniaxial birefringent system, nix - „ ,y - nlo , and ^ . ^ . ^ 
~ For a biaxial birefringent system, equations 1 and 2 are valid only for light 

s-poh^dHght). Forlightinddentinthey.zptane.nlo.nlyand^o.n^yin 
equation 1 (for p-po,arized light). and nlo -nix and n2o-n2x in equation 2 (for 
s-polarized light). 

2 0 Equations 1 and 2 show that reflectivity depends upon the indices of 

-fraction in the x. y and z directions of each materia, in the stack. In an isotropic 
n-tenataUti.reeindices^equ^thusnx-ny.n, The relationship between nx. 
ny and nz determine the optical characteristics of the material. Different 

rdatiotuhipsbetweenthethreeindicesleadto three genera, categories of materia,*- 
25 KOtropic^umaxialrybi^ 

A uniaxially birefringent materia, is defined as one in which the index of 
refract,on in one direction i, different from the indices in the other two directions 
For purposes of the present discussion, the convention for describing uniaxial 
b.refrmgent systems is for the condition nx - ny . «. The x and y axes are 
3 0 defined as the in-plane axes and the respective indices, nx and ny. wi„ be referred to 
as the in-plane indices. 
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One method of creating a uniaxial birefringent system is to biaxially stretch 
a polymeric multilayer suck (e.g., stretched along two dimensions). Biaxial 
stretching of the multilayer stack results in differences between refractive indices of 
adjoming layers for planes parallel to both axes thus resulting in reflection of light in 
» both planes of polarization. 

A uniaxial birefringent material can have either positive or negative uniaxial 
b.refhngence. Positive uniaxial birefringence occurs when the z-index is greater 
than the in-plane indices (nz > nx and ny). Negative uniaxial birefringence occurs 
when the z-index is less than the in-plane indices (nz < nx and ny). 

A biaxial birefringent material is defined as one in which the indices of 
refraction in all three axes are different, e.g.. nx . „y «. Again , Ae ^ 
■ndices wi„ be referred to as the i„- P ,ane indices. A biaxial birefringent system can 
be made by stretching the multilayer stack in one direction. In other words the 
stack is uniaxial* stretched. For purposes of the present discussion, the x direction 
wifl be referred to as the stretch direction for biaxial birefringent sudcs 
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Uninial Pi r .fp ngem Syb-TIT fMinnrt 

The optic* properties of uniaxial bireMngem ,m „;„ now be 
d,scu*ed, ^^^0.^^^^ ^ 

Th USi fcachU y erl02 m „,04i„ Fig . 10isil ^. 
bireningent. nlx = „ ,y „d * = „2y. . For purposes of ^ preMnl & 

*- -yer .02 has ,arger in . plme tote to bvff ,04. and that ,h„s „, > 
n2 m bo* l h,, Mdyii ^ oni TOeopd ^^ oroftimiaxia) m( 

- »• ■•— * -ying th, , f „ , 2 Md ^ I0 imroduce 

10 different levels of positive or negative birefringence. 

E,u«io„ . described above M be used to determine the reflectivfty of. 
-* interface i„ a uniaxi , oirefrmgenl system composed of Mo , aym |- 
.0. ^^^^-^^^ 

rT ^ W '""^ 08e * or " illustration, some specific although generic, v*u«s«6r 
A film mmce. wa, be ^ U „,„ . nly . us llt . ^ ^ . , 

IMft-Mk "Orter to aiusr^vrtouspo^ible Brewer angles in 
this system, no - 1.60 for the surrounding isotropic media. 

20 *» J*"^*^™"**™^^^-^ 
from the tsotropie medium to the birefhngem ^ 6r ^ „„„ B]j js 
m^caJrygr^thanor^,,,^^^^ The cun« shown in fig. , , 
•refbrthe following a-index valuer a)nl*-,75, n2z- 1.J0; b)„lz. I75 „2a 

Asn.xapp^,,^^ 
« ' which reflectivity goes to 2ero, increases. Curves a • e are strongly angular 
«^.«»a.". I -n2.(cu w0 .„ereisr„ u ^ oepradeneera 
reflecmnry. In oU.erw.rds. the rdlectivhy for curve fiscor*« (braille, of 
mctd-ence. At that pout, elation 1 reduces to the angular independent form- 
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(n2o . nlo)/ ( n2o * nlo). When nlz « n2z. there is no Brewster effect and there is 
constant reflectivity for all angles of incidence. 

Fig. 12 shows reflectivity versus angle of incidence curves for cases where 
nlz is numerically less than or equal to n2r Light is incident from isotropic 
5 medium to the birefnngent layers. For these cases, the reflectivity monotonically 
".creases with angle of incidence. This is the behavior'that would be observed for 
s-polarized light. Curve a in Fig. 12 shows the single case for s polarized light 
Curves b-e show cases for p polarized light for various values of nz, in the 
following order: b) nlz -1.50. n2z - 1.60; c) nlz - 1.55, n2z - 1.60; d) nlz 
10 -1.59. n2z -1.60; and e) nlz - 1.60 - n2z. Again, when nlz - n2z (curve e) 
there « no Brewster effect, and there is constant reflectivity for all angles of ' 
incidence. 

Fig. 13 shows the same cases as Fig. 1 , and 12 but for an incident medium 
ofandexno-l.O(air). The curves in Fig. ,3 are plotted for p polarized light at a 
5 smgle interface of a positive uniaxial material of indices nlx-rtfy-iso n2z- 
1.60, and a negative uniaxially birefringent material with nix -nly-1 75 Md 
values ofnlz, in the following order, from top to bottom, of: a) 1.50; b) 1 55- c) 
<H60; 01.61; g) 1.65; h) 1.70; and i) 1.75. Agau, „ was .hown in'^ 

"^^.whenthevaluesofnlzandn^matchCc^dXthereisnoangular 
2 0 dependence to reflectivity. 

fig*- 11, 12 and 13 snow that the crossover Sum one type of behavior to 
^oc^^tnex-^Wexofon.^^^^^^^ 
Aim. TO, i, me fe, ^ combine™ ,f n^ md poAive unilJliiny 
bTeftnge^^i^pie™,^ OU,er .hution, ocet^ i, ,« Brewaer 
5 "Ste a shifted to larger or smaller angle!. 

Various possible rdaoonrtips bKwen ta-pta, indices and ^ ^ 
~aWedinFigU4.Ii.nd,.. Th. ver^ a« ittdic^ reW™ of 
^.ces^rtehoriaor^^^,^,,^^^^^^ 
*c» fi«ure begm, « th, W, »*, „„, iMm>(>ie ^ ^ ^ ^ ^ 
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in-plane indices. As one proceeds to the right, the in-plane indices are held constant 
and the various z-axis indices increase or decrease, indicating the relative amount of 
positive or negative birefringence. 

The case described above with respect to Figs. 1 1, 12, and 13 is illustrated 
S in Fig. ]4. The in-plane indices of material one are greater than the in-plane indices 
of material two, material 1 has negative birefringence (nlz less than in-plane 
indices), and material two has positive birefringence (n2z greater than in-plane 
indices). The point at which the Brewster angle disappears and reflectivity is 
constant for all angles of incidence is where the two z-axis indices are equal. This 
1 0 point corresponds to curve fin Fig. 1 1, curve e in Fig. 12 or curve d in Fig. 13. 

In Fig. 15, material one has higher in-plane indices than material two, but 
material one has positive birefringence and material two has negative birefringence. 
In this case, the Brewster minimum can only shift to lower values of angle. 

Both Figs. 14 and 15 are valid for the limiting cases where one of the two 
15 films is isotropic. The two cases are where material one is isotropic and material 
two has positive birefringence, or material two is isotropic and material one has 
negative birefringence. The point at which there is no Brewster effect is where the 
z-axis index of the birefringent material equals the index of the isotropic film. 

Another case is where both films are of the same type, i.e., both negative or 
20 both positive birefringent. Fig.. 16 shows the case where both films have negative 
birefringence. However, it shall be understood that the case of two positive 
birefringent layers is analogous to the case of two negative birefringent layers 
shown in Fig. 16. As before, the Brewster minimum is eliminated only if one z-axis 
index equals or crosses that of the other film. 
25 Yet another case occurs where the in-plane indices of the two materials are 

equal, but the z-axis indices differ. In this case, which is a subset of all three cases 
shown in Figs. 14 - 16, no reflection occurs for s polarized light at any angle, and 
the reflectivity for p polarized light increases monotonically with increasing angle of 
incidence. This type of article has increasing reflectivity for p-polarized light as 
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angle of incidence increases, and is transparent to s-polarized light. This article can 
be referred to, then, as a "p-polarizer". 

Those of skill in the an will readily recognize that the above described 
principles describing the behavior of uniaxially birefhngent systems can be applied 
5 to create the desired optical effects for a wide variety of circumstances. The indices 
of refraction of the layers in the multilayer suck can be manipulated and tailored to 
produce devices having the desired optical properties. Many negative and positive 
uniaxial birefringent systems can be created with a variety of in-plane and z-axis 
indices, and many useful devices can be designed and fabricated using the principles 
1 0 described here. 
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Biaxial Birefringeni Sys tems rPotarizerO 

Refening again to Fig. 10, two component orthogonal biaxial birerhneent 
systems will now be described. Again, the system can have many layers, but an 
understanding of the optical behavior of the stack is achieved by examining the 
5 opticaJjbehavior at one interface. 

A biaxial birefnngent system can be designed to give high reflectivity for 
light with its plane of polarization parallel to one axis, for all angles of incidence, 
and simultaneously have low reflectivity for light with its plane of polarization 
parallel to the other axis at all angles of incidence. As a result, the biaxial 
1 0 birefnngent system acts as a polarizer, transmitting light of one polarization and 
reflecting light of the other polarization. By controlling the three indices of 
refraction of each film, nx. ny and nz, the desired polarizer behavior can be 
obtained. 

The multilayer reflecting polarizer of PEN/coPEN described above is an 
1 5 example of a biaxial birefnngent system. It shall be understood, however, that in 
general the materials used to construct the multilayer stack need not be polymeric. 
Any materials falling within the general principles described herein could be used to 
construct the multilayer stack. 

Referring again to Fig. 10. we assign the following values to the film indices 
20 for purposes of aiustration: nix- 1.88, nly- 1.64, nlz- variable, n2x= 1.65, 
n2y - variable, and n2z - variable. The x direction is referred to as the extinction 
direction and the y direction as the transmission direction. 

Equation 1 can be used to predict the angular behavior of the biaxial 
birefnngent system for two important cases of light with a plane of incidence in 
2 5 either the stretch or the non-stretch directions. The polarizer is a mirror in one 
polarization direction and a window in the other direction. In the stretch direction, 
the large index differential of 1.88 - 1.65 * 0.23 in a multilayer stack with hundreds 
of layers will yield very high refleaivities for s-polarized light. For p-polarized light 
the reflectance at various angles depends on the nlz/n2z index differential. 
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In most applications, the ideal reflecting polarizer has high reflectance along 
one axis and zero reflectance along the other, at all angles of incidence. If some 
reflectivity occurs along the transmission axis, and if it is different for various 
wavelengths, the efficiency of the polarizer is reduced, and color is introduced into 
5 the transmitted light. Both effects are undesirable. This is caused by a large z-index 
mismatch, even if the in-plane y indices are matched. The resulting system thus has 
large reflectivity for p, and is highly transparent to s polarized light. This case was 
referred to above in the analysis of the mirror cases as a "p polarizer". 

Fig. 1 7 shows the reflectivity (plotted as -Logfl-R]) at 75° for p polarized 
1 0 light with its plane of incidence in the non-stretch direction, for an 800 layer stack of 
PEN/coPEN. The reflectivity is plotted as function of wavelength across the visible 
spectrum (400 - 700 nm). The relevant indices for curve a at 550 nm are n I y - 1 .64, 
nlz » 1.52, n2y - 1.64 and n2z - 1.63. The model stack design is a simple linear 
thickness grade for quanerwave pairs, where each pair is 0.3% thicker than the 
previous pair. All layers were assigned a random thickness error with a gaussian 
distribution and a 5% standard deviation. 

Curve a shows high off-axis reflectivity across the visible spectrum along the 
transmission axis (the y-axis) and that different wavelengths experience different 
levels of reflectivity. Since the spectrum is sensitive to layer thickness errors and 
spatial nonumformities, such as film caliper, this gives a biaxial birefiingent system 
with a very nonuniform and "colorful" appearance. Although a high degree of color 
may be desirable for certain applications, H is desirable to control the degree of off- 
axis color, and minimize it for those applications requiring a uniform, low color 
appearance, such as LCD displays or other types of displays. 
2 5 If the film stack were designed to provide the same reflectivity for all visible 

wavelengths, a uniform, neutral gray reflection would result. However, this would 
require almost perfect thickness contorl. Instead, off-axis reflectivity, and off-axis 
color can be minimized by introducing an index mismatch to the non-stretch in-plane 
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indices (nly and n2y) that create a Brewster condition offax, S . while keeping the s- 
polarization rcfleaivity to a minimum. 

Fig. 18 explores the effect of introducing a y-index mismatch in reducing 
off-ax* reflectivity along the transmission axis of a biaxial birefnngem system 
5 With n,z = 1.52 and n2z = 1.63 (Anz » 0. 1 1). the following conditions are plotted 
for p polarized light: a) niy«n2y- 1.64; b)nly« 1.64. n2y- 1.62- c)hly- 
1 .64, „2y - 1.66. Curve , shows the reflectivity where the in-plane indices nly and 
n2y are equal. Curve a has a reflectance minimum at 0'. but rises steeply after 20' 
For curve b. nly > n2 y , and reflectivity increases rapidly. Curve c. where nly < 
10 n2y. has a reflectance minimum at 38", but rises steeply thereafter. Considerable 
. reflection occurs as well for s polarized light for nly * „2 y , * shown by ^ d 
Curves a -d of Fig. 18 indicate that the sign of the y-index mismatch (nly - n2y) 
should be the same as the z-index mismatch (nlz- n2z) for a Brewster minimum to 
exm. For the case of nly - n2y, reflectivity for s polarized light is zero at all 
15 angles. 

By reducing the z-axis index difference between layers, the off axis 
reflectivity can be further reduced. If n lz is equal to n2z. Fig. 13 indicates that the 
exttnetion axis will still have a high reflectivity off-angie u it does at nonna , 
madence, and no reflection would occur along the nonstretch axis at any angle 
20 because both indices are matched (e.g.. nly - n2y and nlz - n2z). 

Exact matching of the two y indices and the two z indices may not be 
possible in some polymer systems. If the z-axis indices are not matched in a 
polarizer construction, a slight mismatch may be required form-plane indices nly 
and n2y. Another example is plotted in FIG. 19, assuming nlz • 1.56 and n2z- 
!5 1.60 (Anz - 0.04), with the following y indices a) nly - 1.64. n2y - 1 .65; b) nly - 
1.64, n2y- 1.63. Curve c is for s-poiarized light for either case. Curve a. where the 
s.gn of the y-index mismatch is the same as the z-index mismatch, results in the 
lowest off-angle reflectivity. 
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The computed off-axis reflectance of an 800 layer stack of films at 75° angle 
of incidence with the conditions of curve a in Fig 19 is plotted as curve b in Fig. 17. 
Comparison of curve b with curve a in Fig. 1 7 shows that there is far less off-axis 
reflectivity, and therefore lower perceived color, for the conditions plotted in curve 

> b. Th O relev a ntindic«forcurvebat550nmarenly-1.64,nl2=1.56.n2y=1.65 
and n2z« 1.60. 

Fig. 20 shows a contour plot of equation 1 which summarizes the off s 
reflectivity discussed in relation to Fig. 10 for p-poiarized light. The four 
independent indices involved in the non-stretch direction have been reduced to two 
index mismatches. Anz and Any. The plot is an average of 6 plots at various angles 
of incidence from 0- to 75' in 15 degree increments. The reflectivity ranges from 
OAx 10" for contour a. to4.0x 10" for contour j. inconstant increments of 0.4 x 
10 The plots indicate how high reflectivity caused by an index mismatch along 
one optic axis can be offset by a mismatch along the other axis. 

Thus, by reducing the z-index mismatch between layers of a biaxial 
birefringent systems, and/or by introducing a y-index mismatch to produce a 
Brewster effect, off-axis reflectivity, and therefore off-axis color, are minimized 
along the transmission axis of a multilayer reflecting polarizer. 

It should also be noted that narrow band polarizers operating over a narrow 
wavelength range can also be designed using the principles described herein. These 
can be made to produce polarizers in the red, green, blue, cyan, magenta, or yellow 
bands, for example. 



3 c 



Materials Selection anri PrnCTnp 

With the above-described design considerations established, one of 
ordinary skill will readily appreciate that a wide variety of materiaJs can be used 
to form multilayer mirrors or polarizers according to the invention when 
processed under conditions selected to yield the desired refractive index 
relationships. In general, all that is required is that one of the materials have a 
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different index of refraction in a selected direction compared to the second 
material. This differential can be achieved in a variety of ways, including 
stretching during or after film formation (e.g.. in the case of organic polymers), 
extruding (e.g., in the case of liquid crystalline materials), or coating. In 
5 addition, it is preferred that the two materials have similar rheological properties 
(e.g., melt viscosities) such that they can be co-extnided. 

In general, appropriate combinations may be achieved by selecting, as the 
first material, a crystalline or semi-crystalline organic polymer and an organic 
polymer for the second material as well. The second material, in turn, may be 
1 0 crystalline, semi-crystalline, or amorphous, or may have a birefringence opposite 
that of the first material. 

Specific examples of suitable materials include polyethylene naphthaiate 
(PEN) and isomers thereof (e.g., 2,6-. 1.4-, 1,5-, 2,7-, and 2,3-PEN), 
polyalkylene terephthalates (e.g.. polyethylene terephthalate, polybutylene 
1 5 terephthalate, and poly-l ,4-cycIohexanedimethylene terephthalate). polyimides 
(e.g., polyacrylic imides), polyetherimides, atactic polystyrene, polycarbonates, 
polymethacrylates (e.g.. polyisobutyl methacrylate, polypropylmethacrylate. 
polyethylmethacrylate, and polymethylmethacrylate), polyacrylates (e.g.. 
polybutylacrylate and polymethylacrylate). cellulose derivatives (e.g.. ethyl 
cellulose, cellulose acetate, cellulose propionate, cellulose acetate butyrate, and 
cellulose nitrate), polyalkylene polymers (e.g.. polyethylene, polypropylene, 
polybutylene, polyisobutylene. and poly(4-methyI)pentene). fluorinated polymers 
(e.g.. perfluoroalkoxy resins, polytetrafluoroethylene, fluorinated ethylene- 
propylene copolymers, polyvinylidene fluoride, and polychlorotrifluoroethylene), 
2 5 chlorinated polymers (e.g. . polyvinylidene chloride and pol yvinylchloride). 
polysulfones, polyethersulfones, polyacrylonitrile. polyamides. silicone resins, 
epoxy resins, polyvinylacetate, polyether-amides. ionomeric resins, elastomers 
(e.g., polybutadiene, polyisoprene, and neoprene), and polyurethanes. Also 
suitable are copolymers, e.g., copolymers of PEN (e.g.. copolymers of 2,6-. 
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1,4-, 1,5-, 2,7-, and/or 2,3-naphthalene dicarboxylic acid, or esters thereof, with 
(a) terephthalic acid, or esters thereof; (b) isophthalic acid, or esters :hereof: (c) 
phthalic acid, or esters thereof; (d) alkane glycols; (e) cycloalkane glycols (e.g., 
cyclohexane dimethanol diol); (0 alkane dicarboxylic acids; and/or (g) 
5 cycloalkane dicarboxylic acids (e.g. , cyclohexane dicarboxylic acid)). 

copolymers of polyalkylene terephthalates (e.g., copolymers of terephthalic acid, 
or esters thereof, with (a) naphthalene dicarboxylic acid, or esters thereof; (b) 
isophthalic acid, or esters thereof; (c) phthalic acid, or esters thereof; (d) alkane 
glycols; (e) cycloalkane glycols (e.g., cyclohexane dimethanol diol); (f) alkane 
1 0 dicarboxylic acids; and/or (g) cycloalkane dicarboxylic acids (e.g., cyclohexane 
dicarboxylic acid)), and sryrene copolymers (e.g., sryrene-butadiene copolymers 
and styrene-acrylonitrile copolymers), 4.4 , -bibemoic tad and ethylene glycol. In 
addition, each individual layer may include blends of two or more of the above- 
described polymers or copolymers (e.g., blends of SPS and atactic polystyrene). 
1 5 Particularly preferred combinations of layers in the case of polarizers 

include PEN/co-PEN, polyethylene terephthalate (PET)/co-PEN, PEN/SPS, 
PET/SPS, PEN/Eastair, and PET/Eastair, where "co-PEN" refers to a 
copolymer or blend based upon naphthalene dicarboxylic acid (as described 
above) and Eastair is polycyclohexanedimethylene terephthalate commercially 
10 available from Eastman Chemical Co. 

Particularly preferred combinations of layers in the case of mirrors 
include PET/Ecdel, PEN/Ecdel, PEN/SPS, PEN/THV. PEN/co-PET. and 
PET/SPS, where "co-PET" refers to a copolymer or blend based upon 
terephthalic acid (as described above), Ecdel is a thermoplastic polyester 
5 commercially available from Eastman Chemical Co., and THV is a 
fluoropolymer commercially available from 3M Co. 

The number of layers in the device is selected to achieve the desired 
optical properties using the minimum number of layers for reasons of economy. 
In the case of both polarizers and mirrors, the number of layers is preferably less 
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than 10,000, more preferably less than 5,000, and (even more preferably) less 
than 2,000. 

As discussed above, the ability to achieve the desired relationships among 
the various indices of refraction (and thus the optical properties of the multilayer 
5 device) is influenced by the processing conditions used to prepare the multilayer 
device. In the case of organic polymers which can be oriented by stretching, the 
devices are generally prepared by co-extruding the individual polymers to form a 
multilayer film and then orienting the film by stretching at a selected 
temperature, optionally followed by heat-setting at a selected temperature. 
1 0 Alternatively, the extrusion and orientation steps may be performed 

simultaneously. In the case of polarizers, the film is stretched substantially in 
one direction (uniaxial orientation), while in the case of mirrors the film is 
stretched substantially in two directions (biaxial orientation). 

The film may be allowed to dimensionally relax in the cross-stretch 
1 5 direction from the natural reduction in cross-stretch (equal to the square root of 
the stretch ratio) to being constrained (i.e., no substantial change in cross-stretch 
dimensions). The film may be stretched in the machine direction, as with a 
length orienter, in width using a tenter, or at diagonal angles. 

The pre-stretch temperature, stretch temperature, stretch rate, stretch 
2 0 ratio, heat set temperature, heat set time, heat set relaxation, and cross-stretch 
relaxation are selected to yield a multilayer device having the desired refractive 
index relationship. These variables are inter-dependent; thus, for example, a 
relatively low stretch rate could be used if coupled with, e.g.. a relatively low 
stretch temperature. It will be apparent to one of ordinary skill how to select the 
25 appropriate combination of these variables to achieve the desired multilayer 
device. In general, however, a stretch ratio of 1:2-10 (more preferably 1:3-7) is 
preferred in the case of polarizers. In the case of mirrors, it is preferred that the 
stretch ratio along one axis be in the range of 1:2-10 (more preferably 1:2-8, and 
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most preferably 1:3-7) and the stretch ratio along the second axis be in the range 
of l:-0.5-10 (more preferably 1:1-7, and most preferably 1:3-6). 

Suitable multilayer devices may also be prepared using techniques such as 
spin coating (e.g., as described in Boese et ah, J. Polym. Sci.: Pan B, 30:1321 
(1992)^ and vacuum deposition; the latter technique is particularly useful in the 
case of crystalline polymeric organic and inorganic materials. 

The invention will now be described by way of the following examples. 
In the examples, because optical absorption is negligible, reflection equals 1 
minus tranmission (R = 1 - T). 



10 



Mirror Examples: 

PET:Ecdel, 601 A coextmded film containing 601 layers was made on a 
sequential flat-film-making line via a coextnision process. Polyethylene 
terephthalate (PET) with an Intrinsic Viscosity of 0.6 dl/g (60 wl % phenol/40 
15 wl % dichlorobenzene) was delivered by one extruder at a rate of 75 pounds per 
hour and Ecdel 9966 (a thermoplastic elastomer available from Eastman 
Chemical) was delivered by another extruder at a rate of 65 pounds per hour. 
PET was on the skin layers. The feedblock method (such as that described in 
U.S. Patent 3,801 1 429) was used to generate 151 layers which was passed 
2 0 through two multipliers producing an extrudate of 601 layers. U.S. Patent 
3,565,985 describes examplary coextnision multipliers. The web was length 
oriented to a draw ratio of about 3.6 with the web temperature at about 2 10*F. 
The film was subsequently preheated to about 235 # F in about 50 seconds and 
drawn in the transverse direction to a draw ratio of about 4.0 at a rate of about 
25 6% per second. The film was then relaxed about 5% of its maximum width in a 
heat-set oven set at 400*F. The finished film thickness was 2.5 mil. 

The cast web produced was rough in texture on the air side, and provided 
the transmission as shown in Figure 21. The % transmission for p-polarized light 
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at a 60° angle (curve b) is similar the value at normal incidence (curve a) (with a 
wavelength shift). 

For comparison, film made by Mearl Corporation, presumably of 
isotropic materials (see Fig. 22) shows a noticeable loss in reflectivity for p- 
5 polarised light at a 60° angle (curve b, compared to curve a for normal 
incidence). 

PET:Ecdel, 151 A coexmided film containing 151 layers was made on a 
sequential flat-film-making line via a coextrusion process. Polyethylene 
1 0 terephthalate (PET) with an Intrinsic Viscosity of 0.6 dl/g (60 wt phenol/40 wt. 
% dichlorobenzene) was delivered by one extruder at a rate of 75 pounds per 
hour and Ecdel 9966 (a thermoplastic elastomer available from Eastman 
Chemical) was delivered by another extruder at a rate of 65 pounds per hour. 
PET was on the skin layers. The feedblock method was used to generate 151 
15 layers. The web was length oriented to a draw ratio of about 3.5 with the web 
temperature at about 210'F. The film was subsequently preheated to about 
215*F in about 12 seconds and drawn in the transverse direction to a draw ratio 
of about 4.0 at a rate of about 25% per second. The film was then relaxed about 
5% of its maximum width in a heat-set oven set at 400°F in about 6 seconds. 
2 0 The finished film thickness was about 0.6 mil. 

The transmission of this film is shown in Figure 23. The % transmission 
for p-polarized light at a 60° angle (curve b) is similar the value at normal 
incidence (curve a) with a wavelength shift At the same extrusion conditions the 
web speed was slowed down to make an infrared reflecting film with a thickness 
25 of about 0. 8 mils. The transmission is shown in Fig. 24 (curve a at normal 
incidence, curve b at 60 degrees). 
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PEN:EcdeI, 225 A coextruded film containing 225 layers was made by 
extruding the cast web in one operation and later orienting the film in a 
laboratory film-stretching apparatus. Polyethylene naphthalate (PEN) with an 
Intrinsic Viscosity of 0.5 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
5 delivered by one extruder at a rate of 18 pounds per hour and Ecdel 9966 (a 
thermoplastic elastomer available from Eastman Chemical) was delivered by 
another extruder at a rate of 17 pounds per hour. PEN was on the skin layers. 
The feedblock method was used to generate 57 layers which was passed through 
two multipliers producing an extrudate of 225 layers. The cast web was 12 mils 
1 0 thick and 12 inches wide. The web was later biaxial! y oriented using a 

laboratory stretching device that uses a pantograph to grip a square section of 
film and simultaneously stretch it in both directions at a uniform rate. A 7.46 cm 
square of web was loaded into the stretcher at about 100°C and heated to I30°C 
in 60 seconds. Stretching then commenced at 100%/sec (based on original 
1 5 dimensions) until the sample was stretched to about 3.5x3.5. Immediately after 
the stretching the sample was cooled by blowing room temperature air on it 

Figure 25 shows the optical response of this multilayer film (curve a at 
normal incidence, curve b at 60 degrees). Note that the % transmission for p- 
poiarized light at a 60* angle is similar to what it is at normal incidence (with 
2 0 some wavelength shift). 

PENzTHV 500, 449 A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later orienting the film in a 
2 5 laboratory film-stretching apparatus. Polyethylene naphthalate (PEN) with an 
Intrinsic Viscosity of 0.53 dl/g (60 wt % phenol/40 wl % dichlorobenzene) was 
delivered by one extruder at a rate of 56 pounds per hour and THV 500 (a 
fluoropolymer available from Minnesota Mining and Manufacturing Company) 
was delivered by another extruder at a rate of 1 1 pounds per hour. PEN was on 
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the skin layers and 50* of the PEN was present in the two skin layers. The 
feedblock method was used to generate 57 layers which was passed throush three 
multipliers producing an exudate of 449 layers. The cast web was 20 mils thick 
and 12 inches wide. The web was later biaxially oriented using a laboratory 
stretching device that uses a pantograph to grip a square section of film and 
simultaneously stretch it in both directions at a uniform rate. A 7.46 cm square 
of web was loaded into the stretcher at about 100'C and heated to 14CC in 60 
seconds. Stretching then commenced at 10%/sec (based on original dimensions) 
until the sample was stretched to about 3.5x3.5. Immediately after the stretching 
the sample was cooled by blowing room temperature air at it. 

Rgure 26 shows the transmission of this multilayer film. Again, curve a 
shows the response at normal incidence, while curve b shows the response at 60 
degrees. 



Polarizer Examples: 



PEN:CoPEN f 449-Low Color A coextruded film containing 449 layers was 
made by extruding the cast web in one operation and later orienting the film in a 
20 laboratory film-stretching apparatus. Polyethylene naphthaiate (PEN) with an 
Intrinsic Viscosity of 0.56 dl/g (60 wt % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 43 pounds per hour and a CoPEN (70 
mol* 2,6 NDC and 30 mol% DMT) with an intrinsic viscosity of 0.52 (60 wt. 
* phenol/40 wt % dichlorobenzene) was delivered by another extruder at a rate 
25 of25 pounds per hour. PEN was on the skin layers and 40% of the PEN was 
present in the two skin layers. The feedblock method was used to generate 57 
layers which was passed through three multipliers producing an extrudate of 449 
layers. The cast web was 10 mils thick and 12 inches wide. The web was later 
uniaxially oriented using a laboratory stretching device that uses a pantograph to 
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grip a square section of film and stretch it in one direction whiie it is constrained 
in the other at a uniform rate. A 7.46 cm square of web was loaded into the 
stretcher at about 100*C and heated to 140'C in 60 seconds. Stretching then 
commenced at 10%/sec (based on original dimensions) until the sample was 
5 stretched to about 5.5x1 . Immediately after the stretching the sample was cooled 
by blowing room temperature air at it. 

Figure 27 shows the transmission of this multilayer film. Curve a shows 
transmission of p-polarized light at normal incidence, curve b shows transmission 
of p-polarized light at 60° incidence, and curve c shows transmission of s- 
10 polarized light at normal incidence. Note the very high transmission of p- 
polarized light at both normal and 60° incidence (85-10096). Transmission is 
higher for p-polarized light at 60° incidence because the air/PEN interface has a 
Brewster angle near 60°, so the tranmission at 60° incidence is nearly 100%. 
Also note the high extinction of s-polarized light in the visible range (400- 
1 5 700nm) shown by curve c. 



PEN:CoPEN, 601-High Color A coextruded film containing 601 layers v 
produced by extruding the web and two days later orienting the film on a 
20 different tenter than described in all the other examples. Polyethylene 

Naphthalate (PEN) with an Intrinsic Viscosity of 0.5 dl/g (60 wt. % phenol/40 
wt. % dichlorobenzene) was delivered by one extruder at a rate of 75 pounds jx 
hour and CoPEN (70 mol% 2.6 NDC and 30 mol % DMT) with an IV of 0.55 
dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was delivered by another 
:5 extruder at a rate of 65 pounds per hour. PEN was on the skin layers. The 
feedblock method was used to generate 151 layers which was passed through twi 
multipliers producing an extrudate of 601 layers. U.S. Patent 3.565,985 
describes similar coextrusion multipliers. AH stretching was done in the tenter. 
The film was preheated to about 280*F in about 20 seconds and drawn in the 
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transverse direction to a draw ratio of about 4.4 at a rate of about 6 % per 
second. The film was then relaxed about 2% of its maximum width in a heat-set 
oven set at 460°F. The finished film thickness was 1.8 mil. 

The transmission of the film is shown in Figure 28. Curve a shows 
transmission of p-polarized light at normal incidence, curve b shows transmission 
of p-polarized light at 60° incidence, and curve c shows transmission of s- 
polarized light at normal incidence. Note the nonuniform transmission of p- 
polarized light at both normal and 60° incidence. Also note the non-uniform 
extinction of s-polarized light in the visible range (400-700nm) shown by curve 



PET:CoPEN, 449 A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later orienting the film in a 
15 laboratory film-stretching apparatus. Polyethylene Terephthalate (PET) with an 
Intrinsic Viscosity of 0.60 dl/g (60 wl 56 phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 26 pounds per hour and CoPEN (70 mol % 
2,6 NDC and 30 mol % DMT) with an intrinsic viscosity of 0.53 (60 wt. % 
phenol/40 wl % dichlorobenzene) was delivered by another extruder at a rate of 
20 24 pounds per hour. PET was on the skin layers. The feedblock method was 
used to generate 57 layers which was passed through three multipliers producing 
an extrudate of 449 layers. U.S. Patent 3,565,985 describes similar coextrusion 
multipliers. The cast web was 7.5 mils thick and 12 inches wide. The web was 
later uniaxially oriented using a laboratory stretching device that uses a 
25 pantograph to grip a square section of film and stretch it in one direction while it 
is constrained in the other at a uniform rate. A 7.46 cm square of web was 
loaded into the stretcher at about 100°C and heated to 120°C in 60 seconds. 
Stretching then commenced at 10%/sec (based on original dimensions) until the 
sample was stretched to about 5.0x1. Immediately after the stretching the sample 
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was cooled by blowing room temperature air at it. The finished film thickness 
was about 1.4 mil. This film had sufficient adhesion to survive the orientation 
process with no delamination. 

Figure 29 shows the transmission of this multilayer film. Curve a shows 
5 transmission of p-polarized light at normal incidence, curve b shows transmission 
of p-polarized light at 60° incidence, and curve c shdws transmission of s- 
polarized light at normal incidence. Note the very high transmission of p- 
polarized light at both normal and 60° incidence (80-100%). 

1 0 PENrcoPEN, 601 A coextruded film containing 601 layers was made on a 
sequential flat-film-making line via a coextrusion process. Polyethylene 
naphthalate (PEN) with an intrinsic viscosity of 0.54 dl/g (60 wt % Phenol plus 
40 wt % dichlorobenzene) was delivered by on extruder at a rate of 75 pounds 
per hour and the coPEN was delivered by another extruder at 65 pounds per 
1 5 hour. The coPEN was a copolymer of 70 mole % 2,6 naphthalene dicarboxylate 
methyl ester, 15 % dimethyl isophthalate and 15% dimethyl terephthalate with 
ethylene glycol. The feedblock method was used to generate 151 layers. The 
feedblock was designed to produce a gradient distribution of layers with a ration 
of thickness of the optical layers of 1.22 for the PEN and 1.22 for the coPEN. 
2 0 PEN skin layers were coextruded on the outside of the optical stack with a total 
thickness of 8% of the coextruded layers. The optical stack was multiplied by 
two sequential multipliers. The nominal multiplication ratio of the multipliers 
were 1.2 and 1.22, respectively. The film was subsequently preheated to 310°F 
in about 40 seconds and drawn in the transverse direction to a draw ratio of about 
25 5.0 at a rate of 6% per second. The finished film thickness was about 2 mils. 

Figure 30 shows the transmission for this multilayer film. Curve a shows 
transmission of p-polarized light at normal incidence, curve b shows transmission 
of p-polarized light at 60° incidence, and curve c shows transmission of s- 
polarized light at normal incidence. Note the very high transmission of p- 
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polarized light at both normal and 60° incidence (80-10055). Also note the very 
high extinction of s-polarized light in the visible range (400-700nm) shown by 
curve c. Extinction is nearly 100% between 500 and 650nm. 

5 For those examples using the 57 layer feedblock, all layers were designed 

for only one optical thickness (1/4 of 550nm), but the extrusion equipment 
introduces deviations in the layer thicknesses throughout the stack resulting in a 
fairly broadband optical response. For examples made with the 151 layer 
feedblock, the feedblock is designed to create a distribution of layer thicknesses 
10 to cover a portion of the visible spectrum. Asymmetric multipliers were then 
used to broaden the distribution of layer thicknesses to cover most of the visible 
spectrum as described in U.S. Patents 5,094,788 and 5,094,793. 



Although the present invention has been described with reference to 
preferred embodiments, workers skilled in the art will recognize that changes ma 
be made in form and detail without departing from the spirit and scope of the 
invention. 
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CLAIMS- 

1. A multilayered polymer film comprising a first body of a plurality of 

alternating layers of a crystalline naphthalene dicarboxylic acid polyester and 
5 another selected polymer wherein substantially all of the layers have a thickness of 
less than 0.5 micrometers and wherein the crystalline naphthalene dicarboxylic acid 
polyester layer has a higher index of refraction associated with at least one in-plane 
axis than adjoining layers of the selected polymer. 

10 2. The film of claim 1 wherein the crystalline naphthalene dicarboxylic acid 

polyester is polyethylene naphthalate. 

3. The film of claim 1 wherein the refractive indices associated with at 
least one in-plane axis of adjoining layers are substantially equal after the body of 

1 5 plurality of layers has been stretched in one direoioa 

4. The film of chum 3 wherein the crystalline naphthalene dicarboxylic acid 
polyester layer exhibits a difference in index of refraction associated with different 
in-plane axes of the film of at least 0.05. 

20 

5. The film of claim 4 wherein the difference in the index of refraction 
associated with different in-plane axes of the crystalline naphthalene dicarboxylic 
acid polyester layer along a plane of the film is at least 0.20. 

25 6. The film of claim 3 wherein adjoining layers exhibit a difference in index 

of refraction associated with the orientation axis of at least 0.05. 

7. ™ efflmof cfcm6wherrinadjoiranglay« 

of refraction associated with the orientation axis of at least 0.20. 
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8. The film of daim 3 wherein said film is a polarizer. 

9. The film of claim 1 wherein said selected polymer contains naphthalene 

5 groups. 

I 

10. The film of claim 1 wherein the selected polymer is a copolymer or a 
copoiycarbonate. 

10 II. The film of claim 10 wherein the copolyester is a reaction product of 

naphthalene dicarboxyiic acid or the ester of naphthalene dicarboxyiic acid in the 
range of 20 to 80 mole percent and isophthalic or terephthalic acid or the esters of 
isophthalic or terephthalic acid in the range of 20 to 80 mole percent with ethylene 
glycol 

15 

12. The film of claim 10 wherein the selected polymer has a glass transition 

temperature that is lower than the glass transition temperature of the crystalline 
naphthalene dicarboxyiic acid polyester. 

2 C 13. The film of claim 1 wherein the selected polymer has a refractive index 

associated with the transverse axis of about 1.59 to 1.69 after being uniaxially 
stretched. 

14. The film of claim 1 wherein the selected polymer is a reaction product 
25 of isophthalic azelaic. adipic. sebacic dibenzoic. terephthalic, 2.7- naphthalene 

dicarboxyiic 2.6-naphthalene dicarboxyiic or cydohexanedicarboxylic acids. 

15. The film of claim I wherein the selected polymer is a reaction product 
of ethylene glycol, propane diol butane diol neopenryl glycol, polyethylene glycol 
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tetramethylene glycol, diethylcne glycol, cyclohexanedimethanol. 4-hydroxy 
diphenol, bisphcnol A, or 1,8-dihydroxy biphenyl t l,3-bis(2- 
hydroxyethoxy)benzene. 

5 1 6. The film of claim 1 wherein the film is uniaxially stretched. 

i 

1 7. The film of claim 1 wherein the film is biaxially stretched. 

1 8. The film of claim 1 7 wherein the selected polymer has an index of 
10 refraction of less than 1.65. 

19. The film of claim 1 7 wherein the selected polymer has an index of 
refraction of less than 1.55. 

1 5 20. The film of daim 1 wherein the body is incorporated into another 

optical element. 

2 1 . The film of daim 1 and further including a second body comprising a 

plurality of alternating layers of a crystalline naphthalene dicarboxylic acid polyester 
20 and another selected polymer wherein substantially all of the layers have a thickness 
of less than 0.5 micrometers and wherein the crystalline naphthalene dicarboxylic 
add polyester layer has a higher index of refraction associated with at least one in- 
plane axis than adjoining layers of the selected polymer wherein the first and second 
bodies are laminated to each other. 

25 

22. The film of claim 21 wherein the band of said first body and the band of 

said second body are substantially equal. 
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23. The film of claim 2 1 wherein the band of said first body and the band of 
said second body are different. 

24. The film of claim 21 wherein both bodies have been stretched in one 
5 direction and the bodies have been positioned with respect to each other such that 

their respective orientation axes are rotated approximately 90° to one another. 

25. The film of claim 2 1 wherein one said body has been uniaxially 
stretched and the other body has been biaxially stretched. 

10 

26. The film of claim 25 wherein said biaxially stretched body was 
asymmetrically stretched along orthogonal axes. 

27. The film of claim 25 wherein said biaxially stretched body was 
1 5 symmetrically stretched along orthogonal axes. 

28. An overhead projector comprising: 
a base; 

a head attached to the base having means for projecting an image; 
a stage projection area disposed on the base upon which the image is 

placed for projection by the head; 
a light source disposed within the base; and 

a mululayered polymer film having a plurality of alternating layers of a 
crystalline naphthalene dicarboxylic acid polyester and another 
2 5 selected polymer wherein substantially all of the layers have a 

thickness of less than 0.5 micrometers and wherein the crystalline 
naphthalene dicarboxylic acid polyester layer has a higher index of 
refraction associated with at least one in-plane axis than adjoining 
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layers of the selected polymer, the film being disposed berween the 
projection stage area and the light source. 

29. The overhead projector of claim 28 wherein the multilayered polymer 
5 film reflects infrared energy from the light source while transmitting visible light. 

30. The overhead projector of claim 28 wherein the multilayered polymer 
film reflects visible light from the energy source while transmitting infrared energy. 

1 0 3 1 • A method of reflecting light comprising: 

forming a first stack of alternating layers of a crystalline naphthalene 
dicarboxylic acid polyester and a selected polymer wherein the 
layers having thickness of less than 0.5 micrometers and wherein 
the crystalline naphthalene dicarboxylic acid polyester layer has a 
higher index of refraction associated with at least one in-plane axis 
than adjoining layers of the selected polymer. 

32. The method of claim 3 1 wherein the stack is uniaxiaJly stretched to 
obtain a difference between adjoining layers in index of refraction associated with 

! 0 the orientation axis of at least 0.05. 

33. The method of claim 32 and further including positioning two stacks 
such that their respective orientation axes are rotated 90° to form a mirror 



25 



34. The method of claim 3 1 wherein the stack is uniaxiafly stretched until a 

difference between adjoining layers in the index of refraction associated with the 
orientation axis is at least 0.20. 
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35. The method of claim 3 1 wherein the stack is uniaxially stretched until 
the crystalline naphthalene dicarboxylic acid polyester layer exhibits a difference in 
index of refraction associated with different in-plane axes of the film of at least 
0.05. 

36. The method of claim 3 1 wherein the stack is uniaxially stretched until 
the crystalline naphthalene dicarboxylic acid polyester layer exhibits a difference in 
index of refraction associated with different in-plane axes of the film of at least 
0.20. 

37. The method of claim 3 1 wherein the crystalline naphthalene 
dicarboxylic acid polyester is polyethylene naphthalate. 



38. The method of claim 3 1 wherein the selected polymer is a reaction 
15 product of isophthalic, azelaic, adipic, sebacic, dibenzoic, terephthalic, 2,7- 

naphthalene dicarboxylic 2,6-naphthalene dicarboxylic or cyclohexanedicarboxyiic 
acid. 

39. The method of claim 3 1 wherein the selected polymer is a reaction 

2 0 product of ethylene glycol, propane diol butane diol, neopentyl glycol polyethylene 
glycol, tetramethyiene glycol, diethylene glycol cydohexanedimethanol, 4-hydroxy 
diphenol bisphenol A, or 1,8-dihydroxy biphenyl, I,3-bis(2- 
hydroxyethoxy)benzene. 

2 5 40. The method of claim 3 1 wherein the crystalline naphthalene 

dicarboxylic acid polyester exhibits a difference in the index of refraction associated 
with one in-plane axis and the index of refraction associated with a second in-plane 
axis of at least 0.05 and wherein there is at least one axis for which the associated 
indices of refraction of adjoining layers are substantially equal. 



WO 95/17303 



PCT/US 94/ 14323 



-46- 



to 



41 . The method of claim 3 1 wherein the stack is biaxially stretched 

obtain a difference in index of refraction of adjoining layers of at least 0.05 to form 



a mirror. 



42. The method of claim 3 1 and wherein the stack is incorporated into 

another optical element. 



The method of claim 3 1 and further including: 

forming a second stack comprising a plurality of alternating layers of a 
crystalline naphthalene dicarboxylic acid polyester and another 
selected polymer wherein substantially all of the layers have a 
thickness of less than 0.5 micrometers and wherein the crystalline 
naphthalene dicarboxylic acid polyester layer has a higher index of 
refraction associated with at least one in-plane axis than adjoining 
layers of the selected polymer; and 
laminating the first and second stacks together. 



44. 

20 



The method of claim 3 1 wherein the stack is uniaxially stretched. 
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